Abstract. The density of new snow is sometimes monitored by meteorological or hydrological services at daily time intervals, or occasionally measured in local field studies. However, meteorological conditions and thus settling of the freshly deposited snow rapidly alter the new snow density until measurement. Physically based snow models and now-casting 10 applications make use of hourly weather data to determine the water equivalent of the snowfall and snow depth. In previous studies, a number of empirical parameterizations were developed to approximate the new snow density by meteorological parameters. These parameterizations are largely based on new snow measurements derived from local in-situ measurements.
Introduction
In mountain regions there is an increasing demand for high-quality analysis, now-casting and short range forecasts of the spatial distribution of snowfall. The amount of new snow is a crucial parameter for estimating avalanche danger (McClung and Schaerer, 1993) . Operational services, such as avalanche warning, road maintenance and hydrology, but also hydropower companies and ski resorts need reliable information on the depth (HN) and the water equivalent (HNW) of 5 snowfall. Therefore the new snow density (NSD) is needed to convert HN into HNW and vice versa. Information on HN is especially relevant for cold and windy conditions, when measuring HNW is a difficult task because conventional rain gauge measurements are prone to large errors (e.g. Goodison et al., 1998) . Recent results of the Solid Precipitation Intercomparison Experiment (SPICE; Nitu et al., 2012) reveal that these errors still exist in standard meteorological measurements (e.g. Buisan et al., 2016; Pan et al., 2016) . Thus, reliable HNW input data for e.g. snow cover models are difficult to obtain (Egli 10 et al., 2009 ). However, most forecast models calculate estimated HN from HNW on subdaily time intervals and thus new snow density is needed in equal temporal resolution (e.g. Lehning et al., 2002; Roebber et al., 2003; Olefs et al., 2013) .
Additionally, NSD has a considerable effect on the snow bulk density of the total snowpack (e.g. Schöber et al., 2016) NSD is influenced by many processes affecting the shape and size of the snow crystals, such as crystal growth in the clouds, the aggregation or dismantling along the way to the surface of the snow cover and subsequently the metamorphism and 15 compaction in the snowpack. A complex relation between temperature and supersaturation of the air by undercooled water generates a variety of crystal forms in clouds, from needles and plates to branched shapes (e.g. Nayaka, 1951) . As the crystal starts to fall, its mass can increase by aggregation of snowflakes or riming of supercooled water. On the other hand, the mass and size of the single crystals can be reduced by sublimation or dismantling, especially in windy conditions just before accumulation. Generally, warmer temperatures and a high supersaturation facilitate the formation of larger crystals, while 20 very small crystal types are documented over a wider range of temperatures. The high volumetric fraction of air between the branches of dendrites causes low snow densities when accumulated on the surface, whereas smaller crystals are packed more densely once accumulated. Once the snow crystals have accumulated at the snow surface, the density of the fresh snow starts to increase depending on weather conditions and compaction caused by overlaying of snow. Relationships between predominant snow crystal type, riming properties and snowfall density where already reported by Power et al. (1964) from 25 snowstorm observations in Canada. They suggested that variations in NSD are more related to temperatures at cloud level than at the surface.
A common mean NSD used to calculate snow height from water content is 100 kgm -3 . Many studies analysed NSD values on a daily basis and confirmed this 10:1-rule as applicable for a first estimate (e.g. Roebber et al., 2003; Egli et al., 2009; Teutsch, 2009 ). However, NSD span a wide range and values from 10 to 350 kgm -3 have been reported from American and 30 3 basis are hard to obtain. It is laborious to plan the field work in time with hours of peak snow fall rates, when critical HN of several centimetres enable adequate measurements. Since the 1960s ultrasonic rangers have become more common for observing snow depth changes automatically even on sub-hourly time scales (e.g. Goodison et al., 1984; Serreze et al., 1999; Lundberg et al., 2010) . They have the advantage of high temporal resolution and are a more objective method compared to subjective manual measurements of snow depth (Ryan et al. 2008) . Beside snow depth (HS), the water equivalent of the 5 snowpack (SWE) is observed operationally using weighing devices such as lysimetric snow pillows (e.g. Serreze et al. 2009; Egli et al., 2009; Lundberg et al., 2010; Krajci et al., 2017) and snow scales (e.g. http://www.sommer.at/en/products/snowice/snow-scales-ssg). Upward looking GPR (e.g. Heilig et al., 2009) , GPS techniques (e.g. Koch et al., 2014; McCreight et al., 2014) and the combination of both (Schmidt et al., 2015) have been applied in scientific studies to monitor the depth, SWE and liquid water content of the snowpack. However, these techniques are rather expensive or not yet in use for long-10 term observations by operational services.
In general, manual and automatic measurements of SWE are prone to a high relative uncertainty and require a certain degree of maintenance, which makes them complex and labour-intensive . Bridging of the weighing devices (pillow, scale) by emerging crust layers in the snow pack may reduce measured HNW (e.g. Serreze et al., 1999) and some monitoring of the instruments is necessary to avoid this. Due to such constrains, SWE measurement instrumentation is 15 installed at considerably fewer stations compared to HS instruments, and only at sites with easy access for appropriate maintenance.
Several studies have shown that daily measured NSD can be related to meteorological parameters, although with different degrees of determination. In 1952, Gold and Power showed that the crystal type is related to its estimated formation temperature. Diamond and Lowry (1954) plotted linear relationships between NSD and surface air temperature and between 20 NSD and air temperature at the 700-mb level, with a better correlation coefficient for the latter (0.639). On the basis of data from 7 stations in Switzerland located between 1250 and 1800 m a.s.l., Meister (1985) showed that NSD does not correlate with the amount of new snow (HN). He concluded that air temperature does not accurately determine NSD. Nevertheless, binning the data into temperature classes results in a statistical equation with a coefficient of correlation of 0.85. Further, he recommended considering wind speed in addition to air temperature, at least for stations higher than 1800m a.s.l. On the 25 basis of data sets from of Schmidt and Gluns (1991) and the US Army Corps of Engineers (1956), Hedstrom and Pomeroy (1998) developed a power function using the air temperature for which they found a coefficient of determination of 0.84 and a standard error of estimate of 9.3 kgm -3 . Jordan et al. (1999) introduced an algorithm for assigning NSD within the SNTHERM snow cover model. They added wind dependence to the temperature parameterization of Meister (1985) . This achieved a reduction of the error, but a significant scatter remained between observed and parameterized NSD values. 30 Meister (1985) did not notice any dependence of NSD on altitude. This was confirmed by a study of Simeral et al. (2005) , who analysed NSD across an elevational gradient in the mountains of Northwestern Colorado. In a linear regression analysis they identified the 700 mbar level air temperature as the best single predictor variable. Teutsch (2009) also concluded that NSD of 12 hour intervals at valley stations is best correlated to the wet bulb temperature at mountain stations in close vicinity (R² = 0.86). He also showed that a stratiform precipitation event leads to a wider range of the new snow density (24 35 to 280 kgm ). Roebber et al. (2003) used surface and radiosonde data for the classification of snowfall density into the three classes heavy (ratio 1:1 to 9:1), average (ratio 9:1 to 15:1), and light (ratio less than 15:1). The subsequent principal component analysis isolates seven factors that influence the snow ratio: solar radiation (month), low-to midlevel temperature, mid-to upper-level temperature, low-to midlevel relative humidity, midlevel relative humidity, upper-level relative humidity, and external compaction (surface wind speed and liquid 40 equivalent).
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However, most of these new snow density data exist neither on a sub-daily basis nor at high spatial resolution. Thus, more regional studies examined the relationship of NSD on meteorological parameters based on data from mountain stations. Judson and Doesken (2000) found that near-surface air temperature and new snow density at mountain stations could explain 52 % of the variance in snow density. Wetzel et al. (2004) presented a similar degree of correlation of new snow density to temperature at three high-elevation sites. Particularly for high-SWE events, Alcott and Steenburg (2009) showed that NSD is 5 correlated with near-crest-level temperature and wind speed. Lehning et al. (2002) built an empirical calculation of new snow densities for a time interval of 30 to 60 minutes. They used air temperature, surface temperature, relative humidity and wind speed for the regression analysis and achieved an approximate multiple coefficient of determination of 0.83. Schmucki et al. (2014) used an empirical power relation, including air temperature, wind and relative humidity, to calculate the new snow density for three contrasting sites in Switzerland using SNOWPACK simulations. NSD in short time intervals of one to 10 two hours were analysed by Ishizaka et al. (2015) . They measured even lower densities in comparison to NSD estimates using the SNOWPACK density model, especially for aggregate snow crystal types. On the basis of data from Col de Porte (1325m altitude, French Alps), Pahaut et al. (1976) developed a statistical relationship including the melting point of water, air temperature and wind speed. This parameterization is used to calculate the density of new snow in the snow cover model CROCUS (Vionnet et al., 2012) . Wright et al. (2016) presented a statistical analysis of data from 42 seasons of manual daily 15 snow density measurements along with air temperature and wind speed to derive parameterizations to estimate new snow density. However, they end up with a low coefficient of determination in comparison to former studies.
Settling processes within the new snow due to metamorphism and accumulation have to be considered when computing new snow density. Metamorphism takes into account processes at the snow surface such as the dismantling caused by saltation and collision of the snow crystals under windy conditions. This results in higher snow densities and a more compacted snow 20 layer. Subsequently the overburden mass of the ongoing accumulation densifies the lower snow layers (e.g. Anderson 1976 ).
The most important factors for the settling are the amount of new snow, the grain size, and the temperature of the snow layer (e.g. Steinkogler, 2009; Vionnet et al., 2012) . The relative contribution of settling to depth changes is highest in the first hours after a snowfall, but of course increases in total values with increasing time intervals. Thus, differences in NSD between daily observations and measurements at or directly after the snowfall can be expected with increasing time lapse 25 between snow deposition and observation. Additionally, wind drift after the snowfall and energy input to the snow surface by radiation may alter NSD in comparison to NSD at the time of snowfall. To minimize the possible errors due to diurnal settling effects, e.g. Teutsch (2009) used only snow fall events between UTC 6 pm and 6 am. However, this restriction was again determined by the temporally fixed daily snow density readings.
Whereas several studies have analysed sub-daily, manual NSD measurements, to our knowledge no extensive analysis of 30 automated NSD measurements in hourly intervals over several winter seasons exists. The aim of this study is to assess the value of automated measurements of hourly HN and HNW for the calculation of NSD at different stations and in hourly time interval. Therefore we examine the following questions:
(1) Are automated measurements of HN and HNW suitable for the calculation of NSD at hourly interval?
(2) How do the mean and the variability of observed NSD differ between distinct study sites? 35 (3) How well do established density parametrisations represent observed hourly NSD values?
To this end, we calculated NSD from hourly snow depth changes (HN) and hourly SWE changes (HNW) on the basis of data from ultrasonic rangers and snow pillows, respectively. The mean values and the variability of hourly NSD are discussed for A critical assessment with outlook on next generation measurements is given in the discussion.
Data and Methods
Data from four (4) automatic weather stations (AWS) were used in this study. A prerequisite for the station selection was the combined measurement of HS and SWE at each station in addition to the standard meteorological measurements of at least 5 air temperature, relative humidity, precipitation, wind speed and global radiation. Based on this criteria, we analysed the data of two snow stations in Austria, one in Germany and one in Switzerland (Fig. 1, Tab. 1 ). HS and SWE are measured using ultrasonic rangers and snow pillows, respectively. HS data is measured with a resolution of 1 mm, SWE with a resolution of 0.1 mm. For details regarding the instruments at and the exact location of each AWS, as well as the start and end dates of the available data coverage, see Table 1 . The station at Weissfluhjoch (9°48'35.7'' E, 46°49'46.4 snow pillow data the instantaneous hourly SWE value is the value at the full hour. Daily mean values for all parameters were also computed, using an analogous approach. Unless stated otherwise, the hourly values form the basis of all further analysis.
The thermodynamic wet bulb temperature was computed using the psychrometric equation (Sonntag, 1990) and an exact iterative approach. Details on the exact iteration can be found in Olefs et al. (2010) . In the following, "wet bulb temperature" always refers to the thermodynamic wet bulb temperature. The wet bulb temperature depends on relative humidity and air 5 temperature, as well as to a lesser extent on air pressure (see Olefs et al., 2010 for more details and a sensitivity study). A standard barometric equation was used to determine a constant value for air pressure based on the elevation of each station and these constant values were subsequently used in the calculation of the wet bulb temperature.
A necessary condition for all further analysis of the time series was the presence of a precipitation signal at the heated precipitation gauges in combination with positive snow depth changes. Following the extraction of the data points for which 10 this precondition was fulfilled, a number of further filtering procedures were carried out in order to exclude potentially unsuitable data. Threshold values were set for maximum allowed wet bulb temperature (T w < 0°C) and wind speed (u < 5 m/s). The hourly height of new snow (HN) and the water equivalent of snowfall (HNW) were computed as the change in total snow height and SWE per hour.
For further analysis, constraints have to be made in order to avoid low values of HNW and HN, which are prone to errors 15 due to random and systemic measurement uncertainties in HN and SWE, but ensuring a minimum of approx. 100 samples.
To investigate the influence of different HNW and HN thresholds, a distribution matrix was calculated by varying the thresholds in steps of 0.5 millimetres for HNW and 0.5 centimetres for HN, respectively. To account for settling during ongoing snowfall, a compaction correction was applied. We used the approach detailed in Anderson (1976) . Destructive settling is considered for the layer of new snow (HN) for each time step t where the snow height increases. Settling of HS 20 within the old snow pack is also considered. For each relevant time step t, HS is defined as the snow pack of the previous time step t-1. The destructive settling per second of the new snow (SD_HN) for each time step is given as SD_HN t = -0.000002777 * e (0.04 * T t )
for NSD <= 150 kgm -3 (1a)
SD_HN t = SD_HN t * e (0.046 * T t * (NSD t -150)) for NSD > 150 kgm
where T is the air temperature. Weight settling within the new snow layer is not taken into account. Destructive settling 25 within the old snow layer (SD_HS) is calculated using the same equation, substituting SD_HS for SD_HN and using the bulk density of the snowpack (BSD) calculated from HS and SWE at t-1 instead of NSD t . Weight settling within the old snowpack (SW_HS) is given as: SW_HS t = -248.976 * HNW t / 3600000 * e(0.08 * T t ) * e ( -0.021 * BSD t-1 ) .
(2)
The resulting settling factors of SD and SW are multiplied with HS and HN to adjust HN accordingly. 30
New snow density (NSD) was obtained from the ratio HN to HNW. Outliers below the 5 % percentile and higher than the 95 % percentile were excluded. The NSD data were grouped by wet bulb temperature and wind speed, using bins of 1°C and 0.5 ms -1 respectively. A least squares regression was carried out using both the ungrouped data and the median of the grouped data to quantify possible correlations of NSD with wet bulb temperature and wind speed.
A stepwise linear regression analysis was carried out in an attempt to predict hourly new snow density using the available meteorological parameters (temperature, humidity, wind speed, radiation). The stepwise forwards regression analysis was initiated with a constant model, using the p-value for an F-test in the sum of the squared errors to determine whether to add or subsequently remove a term. For each location and time period, the resulting linear model was used to compute a data set of corresponding predicted new snow densities. To evaluate the performance of the predicting models, the p-value and the 5 coefficient of determination (R 2 ) were computed.
The NSD were compared to the following parameterizations developed in previous studies. In these parametrisations, NSD is a function of meteorological parameters such as air temperature (T), wind speed (u) and relative humidity (rH). The time interval for NSD readings of the respective study is given in the brackets. 10 ρ HP = 67.92 + 51.25 * e^(T / 2.59) (Hedstrom and Pomeroy 1998, event/daily) ρ L = 70 + 6.5 * T + 7.5 * T s + 0.26 * rH+13 * u -4.5 * T * T s -0.65 * T * U -0.17 * rH * U + 0.06 * T * T s * rH (9) 20 (Lehning et al., 2002, event/hourly) T f in Eq. 7 refers to the melting point of snow and was approximated as T f = 0 °C (Vionnet et al., 2012) . According to Schmucki et al. (2014) , we limited the parameter range and set rH to a constant value of 0.8 (80 %) during snowfall and the lower boundary for the wind speed to 2 ms −1 . 25
In Eq. 9 T s is the temperature of the snow surface (Lehning et al., 2002) . As this was not available at each station, we used the approximation T s = T. We argue that T s could not considerably exceed 0°, because a threshold of T w of 0°C was set (see above). Since only precipitation events are considered, rH can be expected to be high, and thus difference between T w and T is small. on the northern fringe of the Alps and the range of temperatures at time of snowfall is higher compared to the range at the other more inner-alpine stations (Fig. 7) . This may result from the more significant exposure to precipitation events accompanied by advection of warm air with north to westerly flow conditions. However, these results are based on a small number of values only. In general, the calculated median NSD are rather constant following the 1:1 line of HNW and HN thresholds ( Fig. 2 and 3) , again with some exceptions when applying high thresholds of 3 mm / cm, respectively. 10 . In general, most of the parametrizations result in higher densities compared to median NSD computed from measured HNW and HN. At this station, an increase of the parametrisized snow density values using the 15
Equations. 3 to 9 with increasing HN/HNW thresholds is obvious, which may be caused by higher accumulation rates during snowfall events with higher temperatures. However, such an increase cannot be observed in the NSD computed from HNW and HN.
With respect to the results of Figure 2 , we decided to use a minimum required hourly increase of 1.5 mm in HNW and 2.0 20 cm in HN as lower thresholds in order to avoid low values of HNW and HN, but ensuring an appropriate number of approx. 100 samples,. This leads to the exclusion of on average 94 % of all data points that have a precipitation signal and positive snow depth changes (Tab. 2). The conservatively chosen thresholds for HN and HNW cause the strongest reduction in data compared to other meteorological constraints (Fig. 4 and S01 to S08). The wind speed threshold has only a small effect on the lower stations and is more noticeable at the more windy, higher stations of Wattener Lizum ( Fig. S06 and S07 ) and 25 Weissfluhjoch (Fig. S08) . Considering period 1 comprising all stations, the filtering process causes the highest filtering rate at Weissfluhjoch in (2013 Weissfluhjoch in ( -2015 , with about 6 % of data remaining after applying the thresholds. The highest amount of data reduction is found at Kühtai station, with 5 % of the data remaining after filtering of period 3 and 4. Frequency distributions for HN, HNW, wet bulb temperature (T w ) and wind speed (U) of the unfiltered and filtered data are presented for each station and for each time period in the Figures 4 and S01 to S08. 30
The NSD values obtained from the filtered data show high variability at all stations and change substantially from one hour to the next (Fig. 5) . Nevertheless, NSD values are within a reasonable range. The correction of the HN underestimation caused by settling of the snowpack during snowfall leads to an average reduction of mean NSD of 13.5 % with a standard deviation (σ) of 3.7 % or 10.2 kgm -3 with a σ of 2.6 kgm -3 , and median NSD of 14.3 % with a σ of 5.4 % or 10.5 kgm -3 with a 35 σ of 3.8 kgm Hydrol Considering the various parameterizations, which use temperature and other meteorological parameters to approximate new snow density (Section 2, Eq. 3 to 9), it is evident that the observed variability of NSD is very poorly represented (Tab.
5). 30
This is true for all seven parametrizations used in this study. Most of them overestimate the median of the observed NSD values (Fig. 3, 9 and 10) and correlation between NSD and snow density approximations are low (Tab. 5). However, some parameterizations produce considerably better results than others for median NSD values. The parameterizations of LaChapelle (1962), Diamond and Lowry (1954) and Vionnet et al., (2012) consistently overestimate NSD (Fig. 9 and 10 ).
The parameterization of Hedstrom and Pomeroy (1998) overestimates NSD at Kühroint, Kühtai and Wattener Lizum station 35 ( Fig. 9 and 10 ), but converges with the median NSD at Weissfluhjoch station for period 1 (Fig. 9 , Tab. 5). In general, the NSD simulated using the parameterization of Jordan et al. (1999) are closer to calculated NSD, but median NSD are underestimated for Weissfluhjoch station. Median NSD and NSD range at Weissfluhjoch well simulated using the parameterization of Schmucki et al. (2014) , which was fitted to original density data from Weissfluhjoch. Whereas the root mean squared error (R) is small applying this parameterization, the lowest R was achieved for Weissfluhjoch station with the 40 parameterization of Diamond and Lowry (1954) . The parameterization of Schmucki et al. (2014) overestimates median values of Kühroint, Kühtai and Wattener Lizum station (Fig. 3 and 9 , Tab. 5). The parameterizations of Lehning et al. (2002) and Jordan et al. (1999) result in lowest root mean squared errors (R, Tab. 5) compared to the calculated NSD at Kühroint, Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2017-579 Manuscript under review for journal Hydrol. Earth Syst. Sci. Discussion started: 6 October 2017 c Author(s) 2017. CC BY 4.0 License.
Kühtai and Wattener Lizum station, with slightly lower density values using the parameterization of Lehning et al. (2002) fitting best to the low median NSD values of the Kühtai station.
Thus, the parameterization of Lehning et al. (2002) appears to be the first choice regarding the calculation of hourly new snow densities for high elevated and inner alpine regions. This parameterization requires multiple input parameters. Where 5 such data is not available, the parameterization of Jordan et al. (1999) , requiring temperature and wind data only, might be a good alternative. Even though, correlations are low in general, some of the highest Pearson correlation values (r, Tab . 5) were achieved by applying the simpler, linear equations by Diamond and Lowry (1954) , LaChapelle (1962) and Vionnet et al. (2012) . Basically, this shows once again the fundamental relation between snow density and air temperature.
10

Discussion
Hourly NSD values were calculated on the basis of HS and SWE changes measured with ultrasonic rangers and snow pillows, respectively. Both measurement techniques are affected by uncertainties, which are discussed in the following.
From a qualitative point of view, HS measurements using ultrasonic rangers are prone to errors in the assumption of the signal velocity. Meteorological conditions such as temperature, wind, and humidity influence the signal propagation velocity 15 through the air between the device and the snow surface. A standard correction of ultrasound propagation in dependence of air temperature is applied by default. However, temperature is often measured directly at the device using shielded, but unventilated resistor measurements, which may then considerably be affected by radiation changes. In this study, we considered only the subset of data where a precipitation signal is evident and assume a reduced influence of the mentioned error source because of increased air turbulence and reduced solar radiation input due to cloud cover. Another documented 20 error source is signal blocking by e.g. dense snowfall or drifting snow, which causes HS peaks. However, with the applied filtering procedure and the additional cut-off at the 5 % and 95 % levels, no such spikes which would cause very low NSD were obvious in the data.
Another critical point in the analysis was the resolution of the HS data. Because of the proposed uncertainty of the ultrasonic 25 measurements, only data in the rounded cm-resolution were originally stored for operational use. This rounding induced additional errors because snow depth changes in the order of 2 mm determine whether values close to a half centimetre are rounded up or down to the full centimetre. This can cause differences of 0.8 cm when considering snow depth changes. To avoid this issue we used the mm-resolution of HS values. A positive precipitation value is a necessary condition for the subsequent analysis and data filtering (precipitation yes/no). This introduces a slight time lag due to the fact that the snow 30 first has to be melted within the heated precipitation gauges in order to be measured by the sensor.
A well-known issue with snow pillows are bridging effects, e.g. crusts made of ice crystals from melting conditions with strong bonding, which may support the weight of the new snow so that HNW is underestimated, which in turn results in low NSD with fixed HN. We cannot exclude such data explicitly. However, all three conditions (precipitation yes, HN > 1.5 cm, 35 HNW > 0.1 mm) have to be fulfilled for including values in the analysis, so that data without or with lagged HN increase were not considered. Additionally, the chosen snow stations are well maintained in case of implausible data due to their overall good accessibility. E.g. trenches are dug out around the base area of the snow pillow at Kühtai station to cut off the measured part of the snowpack from lateral bonding. Nevertheless, the measurement uncertainty remains high with ± 1cm for HN and 0.1cm for HNW. Considering mean HN (Tab. 2) and HNW values, the uncertainty is ± 25 kgm -3 or 37 % of the 40 mean density. This value is lower considering higher HN, but increases to 80 % for the combination of minimum HN and Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2017-579 Manuscript under review for journal Hydrol. Earth Syst. Sci. The thresholds chosen for data filtering are based on a best guess estimate on the basis of a first analysis (Fig 2) , aiming to avoid low HN and HNW values but ensuring an appropriate number of sample data. Changing the thresholds will change the results (Fig 2. ). However, with respect to measurement uncertainties, thresholds have been chosen for most NSD studies (e.g. Meister, 1985; Teutsch, 2009 ). There was a considerable fraction of data with positive HS changes, a precipitation 10 signal and positive wet bulb temperatures (Fig. 4 and S01 to S08 ). Most of these data seem to be paired with very small HS changes and are eliminated for the final data set. Nevertheless, a high fraction of data within the final interquartile range was also filtered off (Fig. 5, grey points) .
In general, we showed that analysing NSD for hourly time intervals yields considerably lower NSD values compared to new 15 snow densities from daily measurements. For the latter, the composition of snowfall density is affected by dismantling due to wind drift, settling during the snowfall and ongoing metamorphism between the snowfall and the time of measurement. In contrast, the presented NSD are closer to the time of the snowfall event and density changes over several hours due to e.g. energy exchanges and wind drift at the uppermost snow layer can be excluded. That lower densities have to be applied at sub-daily time intervals in comparison to daily new snow densities was pointed out in the parameterization developed by 20 Lehning et al. (2002) , which was derived from in-situ measurements of NSD in hourly resolution. Comparatively low NSD values close to 50 kgm -3 were presented by Ishizaka et al. (2016) , with an average NSD of 52 kgm -3 for aggregated snowflakes and 55 kgm -3 for small hydrometeors. They further found a mean NSD of 72 kgm -3 for a second group of smaller crystals and 99.4 kgm -3 for graupel type hydrometeors. Meister (1985) measured NSD lower than 100 kgm -3 even on a daily basis analysing data with a HN(24h) of more than 0.1 m. However, the time interval and the total height of new snow will 25 cause considerable contributions of destructive snow metamorphism, which increases daily NSD in comparison to hourly NSD values, which in turn can assumed to be lower.
To account for the contribution of snow settling to HS changes during snowfall, a simple approach according to Anderson et al. (1976) was applied. This first order approximation of settling considers the destructive settling in addition to the settling 30 by overburden snow mass. However, it was simplified with respect to HS, SWE and snow density of only two layers: the new snow and the total snow pack of the previous time step. This assessment reduced the calculated NSD considerably by on average 14 % in mean and median HN. Based on a 15 year data set of Weissfluhjoch (WSL Institute for Snow and Avalanche Research SLF, doi:10.16904/1.) from 1 September 1999 to 31 December 2015, the contribution of settling relative to HN was calculated using the multi-layer SNOWPACK model (e.g. Lehning et al., 2002) and the approach from 35 Anderson (1976) . Results are presented in Fig. 11 . While a median relative contribution of settling to HN by 19 % was calculated with SNOWPACK, the approach of Anderson (1976) resulted in lower values of 5 % in median and 9 % in mean.
Thus, the settling considered for the presented data can be assumed to be appropriate. Higher contributions of settling would result in lower NSD with increased HN assuming a fixed HNW.
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The influence of wind on snow depth changes is significant at more windystations. Snow can be deposited or eroded, which leads to snow depth changes and/or increase/decrease in SWE of the snowpack. To eliminate such cases, the precipitation signal from gauge measurements was used as an independent condition for data filtering. However, snow grains are A first attempt to perform a regression analysis based on the observed NSD values in combination with meteorological parameters was not successful because of the high variability of NSD and the low significance levels. Therefore we constrained this analysis to the relationships of NSD to wet bulb temperature (T w ) and wind speed (U). In general, even the statistical significance of the trends of NSD with T w is vague. We conclude that the value of the analysed data is given by the 10 mean and median NSD and its variation between different stations and time periods, and the considerably lower NSD values in contrast to NSD calculated from existing parameterizations. Nevertheless, a simple relationship between NSD calculated from automated measurement of HS and SWE and temperature was recognized for distinct periods and stations with a similar coefficient of determination in comparisson to the results of e.g. Judson and Doesken (2000) , Wetzel et al. (2004) or Wright et al. (2016) . 15 Mair et al. (2015) evaluated some of the parameterizations also considered in this study. Using a distinctly larger time window for smoothing their HS data (5-hour-average), they calculated median NSD between 75 and 100 kgm -3 using the parameterizations of Jordan et al. (1999) and Hedstrom and Pomeroy (1998) , which is close to the results presented in this study. They also found that using the parameterization of LaChapelle (1962) results in mean NSD higher than 100 kgm -3 . In 20 general they concluded, that using a constant NSD of 100 kgm -3 caused an overestimation of seasonal precipitation by up to 30 %. Conversely, a mean NSD of 70 kgm -3 will result in better SWE estimations. This is in accordance with the resulting average NSD of 68 kgm -3 calculated from automated measurements within our study.
The comparison of observed NSD and NSD approximated using parameterizations from literature reveals that it has to be 25 carefully considered which parameterization should be used for which application and environment. The temporal resolution and the exposure of the station to wind are certain to determine mean NSD values. Mechanical dismantling and cracking of snow crystals in the air and subsequently at the snow surface increases snow density (e.g. Sato et al., 2008) . We cannot relate density differences to crystal types or size from the presented data set. However, the inter-station variability of NSD with respect to different wind conditions is obvious particularly between the Weissfluhjoch station and the wind sheltered Kühtai 30 station.
The study shows the potential of collocated measurements of HS and SWE for determining NSD. However, the high uncertainty of the data from ultrasonic rangers appears to mask the true variability of NSD. More precise optical devices are an alternative for HS measurement, since the signal propagation velocity does not depend on meteorological conditions (e.g. 35 Mair et al,. 2010; Helfricht et al., 2016) . A combination of manual daily readings at the snow board and the high temporal resolution of automated measurement of SWE and HS seems to be advantageous. Thus, daily readings can be disaggregated, and HN, HNW and NSD values can be calculated once a day minimizing the influence by settling of old snow. A high fraction of snowfall data have been filtered out because of low HN or HNW values close to the accuracy level of the measurements. With increasing accuracy by e.g. use of optical devices and scales insensitive to bridging effects, a higher 40 fraction of hourly or even sub-hourly NSD can be calculated.
The relatively low densities presented in this study are relevant for e.g. snow drift modules of spatially distributed snow cover models. Simply spoken: the less dense the snow, the more potentially drifting particles. Higher NSD at more windy stations may be caused by mechanical cracking and dismantling of the snow particles in the air and in the snowdrift layer. In contrast, low NSD may result from aggregation of snowflakes when falling, and a more loose accumulation at the snow surface with increased air volume in between the particles. In general, the observed inter-station variability shows the 5 importance of differing between more windy mountain stations and less windy stations in the valleys by e.g. using parameterizations with a dependence of NSD on wind speed (e.g. Lehning et al., 2002) . Many of the NSD parameterizations investigated here are used in a multitude of point and spatially distributed snow, hydrological or land surface models around the world to calculate NSD and thus derive total snow depth, also in operational modes. Therefore, our findings are highly relevant and have direct implications for the use of all these models. 10
We constrained this study to a comparison of stations with similar HS and SWE measurements using snow pillows, only.
However, recent studies present the performance of cosmic ray neutron sensors (e.g. Schattan et al., 2017) , and thus, other long-term data series such as e.g. from Col de Porte ) may be investigated with a similar approach in future. We would like to kindly encourage everyone who owns a similar data basis of HS and SWE from well-maintained 15 snow stations to contact the authors for further cooperation.
Conclusion
The aim of this study was to assess the value of automated measurements of snow depth (HS) and snow water equivalent (SWE) to compute new snow density (NSD) on an hourly time interval. Complementary data sets of HS and SWE 20 measurements using ultrasonic devices and snow pillows from four mountain stations were used to calculate the height of new snow (HN) and the water equivalent of snowfall (HNW). Subsequently, hourly new snow densities (NSD) were calculated from HN and HNW considering potential underestimation of HN by settling of the snowpack.
The snow measurements using ultrasonic devices and snow pillows were approved to be applicable for the calculation of station average hourly NSD values. An average NSD of 68 kgm -3 with a standard deviation of 9 kgm -3 was calculated 25 considering all stations and time periods, which is considerably lower than the often applied value of 100 kgm -3 . Seven existing parameterizations for estimating new snow densities were tested, and most calculations overestimate NSD in comparison to the results from the hourly automated measurements. Two of the tested parameterizations were capable of simulating low new snow densities at sheltered inner-alpine stations, with the parameterization of Lehning et al. (2002) giving the best approximation. However, the observed variability in NSD from the automated measurements could not be 30 described with appropriate statistical significance by any of the investigated algorithms. Relationships between NSD and wet bulb temperature are obvious at all stations in a statistically vague manner. The wind speed is a crucial parameter for the inter-station variability of NSD, with higher NSD at more windy locations. Nevertheless, the natural variability of NSD is masked using the combination of ultrasonic ranging and snow pillow data for NSD calculation, because of the accuracy of the sensors and snow depth changes due to settling of the snowpack and wind drift. Thus, we conclude that the value of the 35 analysed data is given by the mean and median NSD and its variation between different stations and time periods. Recent developments in optical distance sensors and weighing devices increase accuracy of such snow measurements and hence decrease the uncertainty of subsequent calculations. We therefore recommend the use of high accuracy sensors for the determination of NSD on sub daily intervals. . (Fig. S01 -S08 ) for all stations and all time periods considered in this study.
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